Abstract. The study was aimed to detect differences in nuclear morphology between nuclear populations as well as between tumours with different p53 expression in breast cancers with different clinicopathological features, which also reflect the stage of tumour progression. The p53 immunohistochemistry was performed on paraffin sections from 88 tumour samples. After the cells had been localised by means of an image cytometry workstation and their immunostaining had been categorised visually, the sections were destained and stained by the Feulgen protocol. The nuclei were relocated and measured cytometrically by the workstation.
Introduction
The p53 gene is one of the most studied tumour suppressor genes and this is also true for breast cancer. Mutations of the p53 gene may lead to a loss of the control function of the p53 wild type in the cell cycle, resulting in a higher genetic instability [23, 25, 27] . Consequently, the mutated p53 protein should play an important role in the malignant transformation and tumour progression. The simplest detection of the mutated p53 protein by immunohistochemistry is based on a longer life time of the mutated gene product in contrast to that of the wild type [27] .
Some studies have demonstrated correlations between the immunohistochemical evidence of the p53 and prognosticly unfavourable clinicopathological features [7] [8] [9] 11, 12, 16, 17, 21, 29, 31, 32, 34] . On the other hand, some studies showed a prognostic importance of the p53 expression for subgroups of breast cancer only, i.e., for node negative tumours [1, 36] .
The loss of the p53 function leads to further changes of the genome, which result also in changes of the structure of the nuclei. Previously, we reported differences in the nuclear morphology in breast cancer cells with different p53 immunoreactivity by TV based cytometry. Differences could be found in the nuclear shape, in the amount, and in the statistical and topographical distribution of the chromatin [18] .
Other studies also describe correlations between prognostic relevant clinicopathological features and the nuclear morphology [2, 19, 24, 30, 37, 38] .
In diagnostic tumour pathology the clinicopathological characteristics of a tumour are interpreted as hints for the prognosis since they may predict the process of tumour progression.
The present study was aimed at detecting morphological differences in correlation to the p53 expression in subgroups of breast cancer with special clinicopathological characteristics, i.e., tumour size, nodal status or histological grade of malignancy. In detail, we wanted to know, whether the p53 expression in those subgroups is associated with a specific nuclear pattern. Finally, the question should be answered whether morphologic differences in those subgroups are associated with morphological differences of the nuclear image in distinct p53 subpopulations.
Material and methods
The study included tissue samples from 49 p53 positive and 39 p53 negative breast cancers. The cases were selected in order to find a large number of p53 positive cancers. The tumours were classified according to the nomenclature of the WHO [22] . The histological grade of malignancy was determined according to the criteria of Scarff, Bloom and Richardson [6] . The clinicopathological data are listed in Table 1 . Table 1  Clinical data  p53 positive cases  p53 negative cases  Tumour size  pT1  20  18  pT2  27  18  pT3  1  1  pT4  1  1  pTx  0  1  Lymph node status  pN0  23  19  pN1  20  17  pN2  1  0  pNx  5  3  Bloom-Richardson grading  G1  3  8  G2  18  19  G3  28  12  Age 58.5 (range 27-87) 59 (range The immunohistochemical detection of p53 protein was done employing dewaxed paraffin sections of routinely fixed tissue samples. The mean time of fixation in unbuffered formalin was 24 hr. After a microwave pre-treatment the sections were stained with the monoclonal antibody DO-1 (original supernatant [39] , 1 : 50 dilution, incubation for 24 hr at 4 • C) in an ABC system. The chromogen was 3-amino-9-ethylcarbazol (AEC). Haemalaun was used for the counterstaining of nuclei. Finally, the sections were embedded in glycerol gelatine. The result of the immunostaining was expressed as an immunoreactive score, which takes into account the percentage of positive cells as well as the staining intensity [35] . The score ranges from 0 (negative) to 12 (maximum positive reaction). Tumours with a score equal or higher than 1 were regarded as p53 positive.
After immunostaining in each case, 500 tumour cell nuclei were localised by means of a high resolution image cytometry workstation (see Table 2 ). In the same step, the staining intensity of each nucleus was categorised subjectively in four categories (negative, weakly, moderately and strongly positive).
After destaining during a 45 min 5N HCl hydrolysis at room temperature the sections were Feulgen stained with pararosanilin Schiff's reagent for 60 min. The actual section thickness was measured by means of the confocal laser scanning microscope LSM-10 (Zeiss, Germany) at three different sites per section, in order to correct the cut effects on the integrated optical density related features [18] . The previously coded nuclei were relocated and measured by means of the high resolution image cytometry workstation consisting of an Axioplan microscope (Zeiss, Germany) equipped with a 486/66 MHz IBM compatible PC with a MFG frame grabber (Imaging Technology, USA) using a CCD TV camera XC-77 CE (Sony, Japan). The microscope was coupled to a computer controlled motor driven xy-scanning stage for relocation of nuclei. The software is based on the OPTIMAS image analysis system (OPTIMAS corporation, Seattle, WA, USA) and also includes correction procedures for section thickness, diffraction and glare [20] (Table 2) .
Ninety-seven nuclear features from each nucleus derived from the segmented extinction image were computed by a MicroVAX 4000 computer (DEC, Maynard, MA, USA) which is connected via Ethernet to the image analysis workstation. The features describe the size and shape of the nucleus, the amount, the statistical and topographical distribution of the chromatin and the chromatin statistics of the "flat image". The nuclei appeared colourless after the destaining of the immunostaining. Nevertheless, features that may be affected due to the foregoing immunohistochemistry and which could not be equalised by the mean optical density were excluded from the statistical analysis. Table 3 shows a short description of the cytometric features with statistical relevance in this study.
The purpose of this study was to detect different patterns of the nuclear morphological features in correlation to the p53 status and the clinicopathological stage. The stepwise multivariate discriminant analysis is able to find such combinations.
These analyses based on the mean values and their standard deviations of the features from the nuclear populations in each staining category in each case, were performed by means of a self written software program REDUGD. According to the Bonferroni principle, the significance level desired for the actual discrimination (p < 0.1) has to be divided by the appropriate degree of freedom. The degree of freedom is equal to the number of uncorrelated variables, if the number of these variables exceed the number of cases, then the number of cases corresponds with the degree of freedom. The number of tumours with a Bloom-Richardson grade 1 was too small for the statistical analysis and could not be considered in the following comparisons.
The procedure of analysis is summarised in a flow chart in Table 4 . 
Results

Nuclear morphology of tumours with a different p53 expression
In this part, only the immunoreactive score of the whole tumour will be taken into consideration. All nuclei independent of their individual p53 status were pooled for each case.
There were significant differences in differently scored tumours in most prognostic subgroups. In the subgroups pT2-4, pN0 and pN1-2 an increasing immunoreactive score was associated with a higher variability in the shape of the nuclei. Some features describing the amount and the distribution of chromatin showed significant differences within each subgroup of tumours.
The analysis of cancers in groups with favourable (pT1pN0) and unfavourable prognostic (pT2-4pN1-2) stages could not demonstrate any morphological differences between the differently scored p53 status (Table 5 ; Figs 1 and 2) .
Features of the size or the shape of the nuclei did not play any role in the tumour groups with the Bloom-Richardson grade two or three. In these categories the features of chromatin distribution only showed significant differences.
Nuclear morphology of p53 subpopulations within clinicopathological subgroups
Differences were found in the nuclear morphology between cells showing differences in their p53 expression in the most groups with specific clinicopathological features. . . strongly p53 positive tumours. 1 G1 * ; 2 G2; ! G3. * Excluded from statistical analysis, the number of cases was too small for statistical analysis. As shown in Table 6 , within the subgroups of different tumour sizes (pT1, pT2) or different lymph node status (pN0, pN1-2) the standard deviation of the IOD increases with a higher p53 stainability. Other features with significant differences in some groups describe the distribution and topography of the chromatin.
In small breast cancers without lymph node metastases (pT1pN0) the statistical analysis demonstrated the standard deviation of an invariant moment to be inversely correlated to the p53 expression, whereas in tumours with unfavourable prognostic criteria (pT2-4pN1-2) differences in two features of the chromatin distribution and the standard deviation of the IOD were found (Fig. 3) .
The nuclear populations with different p53 expression in tumours with the same degree of malignancy were different with respect to their chromatin distribution. Only the tumours with a BloomRichardson grade two showed a more irregular shape of the strong p53 positive nuclei compared with their weaker positive or negative counterparts (Table 6 ; Fig. 4) .
However, if the p53 positive nuclei or the p53 negative nuclei were compared within the subgroups with the same tumour size, lymph node status, or Bloom-Richardson grade no differences could be found in the nuclear morphology.
Comparison of clinicopathological subgroups with positive or negative p53 stage
Taking into consideration the p53 immunoreactivity of the pooled cells of each tumour, few differences in the nuclear structure between the clinicopathological defined tumour subgroups were found. * ; 2 G2; ! G3. * Excluded from statistical analysis, the number of cases was too small for statistical analysis. p53 positive breast cancers with a diameter greater than 2 cm differed in a shape feature and a feature of the fine structure when node negative and node positive tumours were compared (Table 7) .
In the p53 negative breast cancers with a tumour size smaller than 2 cm, the node negative tumours were also different from the cancers with lymph node metastases in the nuclear shape and the chromatin distribution. Additionally, there were differences in invariant moments. The mean value of the feature width of texture tree increases with the grade of malignancy in the p53 negative tumours (Table 8 ).
Discussion
The immunohistochemical detection of the p53 gene product can be regarded as a sign of the mutation of this tumour suppressor gene [27] . The mutation of the p53 may be associated with a loss or change of its function, resulting in a higher genetic instability. The changes in the genome of a tumour determine the biological properties of the tumour and its clinical behaviour, which is reflected in the tumour size, occurrence of metastases or grade of differentiation.
Correlations between an unfavourable prognosis and the immunohistochemical detection of the p53 protein were also found in other breast cancers [7] [8] [9] 11, 12, 16, 17, 21, 29, 31, 32] . In a previous study, we found that there were differences in the morphology of the nuclei in the p53 expression by means of TV based image cytometry [18] .
The disturbance of the p53 function may influence the nuclear morphology in several ways. The p53 mutation itself may lead to changes in the DNA conformation, for example by a change of the tertiary structure or by an altered binding to histone proteins. The loss of the control function of p53 in the cell cycle can result in a higher number of proliferating cells, caused by an unhindered G1-Stransition. The process of proliferation is associated with changes in the DNA conformation, which occurred in a higher part of the p53 positive tumours. The loss of the control function also allows the transmission of other genetic defects, resulting in further aberrations of the nuclear structure.
The aim of this study was to investigate changes in the nuclear structure depending on the p53 expression in breast cancers with special clinicopathological characteristics, also displaying different stages of the tumour progression. Furthermore, the possible association of specific nuclear patterns with the p53 expression in some tumour groups and the role of p53 negative and p53 positive nuclear populations for the nuclear morphology in prognostic subgroups were points of interest. In most clinicopathological subgroups we found differences in the nuclear morphology dependent on the p53 immunostaining both between the nuclear populations and the differently scored tumours.
If the immunoreactive score of the pooled cells of the whole tumour was taken into consideration, the standard deviations of shape features increased with the immunoreactive score in all clinicopathological subgroups except the groups characterised by the Bloom-Richardson grade. The absence of significant differences in shape features in tumours with the same degree of differentiation may be due to the evaluation of the nuclear pleomorphism as a criterion in the grading system.
The comparison of differently scored cases also demonstrated a non-uniform tendency in some features. The cases with a score 1-4 showed partly lower or higher values than their negative or stronger positive counterparts. This may be caused by the immunohistochemical detection of the p53 gene product. The antibody DO-1 recognises an epitope which exists in the mutated protein as well as in the p53 wild type protein. It is possible that the life time of the wild type protein may be also prolonged and can be detected by immunohistochemistry. The reaction could be weak in such tumours. Once again, not all mutations of the p53 gene necessarily lead to a immunohistochemically defined detectable phenotype; a small number of the p53 negative tumours could also contain cells with a mutated p53 gene.
In comparison with the nuclear populations, features describing the chromatin distribution and/or amount were different in most prognostic subgroups. A higher degree of irregularity in the nuclear shape in the stronger p53 positive nuclei than in the negative or weakly positive nuclei was found only in breast cancers with a Bloom-Richardson grade two.
The morphological heterogeneity between nuclei with different p53 expression was higher in tumours with favourable prognostic criteria than in tumours with poor prognosis (see Table 4 and Figs 3 and 4). The nuclear morphology of tumours with poor prognosis should reflect a higher degree of dedifferentiation, which is influenced by many factors and should also contain the p53 negative nuclei. In cancers with a favourable prognosis, the higher variability of nuclear morphologic features concerning the p53 expression may give a hint of the role of the p53 mutation in the process of tumour progression. The loss of the repair function of p53 protein results in a genetic instability, which is followed by an accelerated tumour progression.
Significant differences in the standard deviation of the IOD, describing the well-known phenomenon of the polychromasia in malignancies, were shown in many subgroups of tumours in association with the p53 status. Therefore, the correlation between p53 expression, nuclear morphology and the ploidy should be a topic of ongoing studies.
In another study, we examined breast cancer cells with different progesterone receptor (PgR) expression with the same method used in this study on the p53 expression. The stronger PgR positive nuclei are smaller and showed a lower degree of granularity than their negative or weakly positive counterparts. In general, the nuclei with a positive PgR reaction displayed a morphology that is assumed to be linked with a better prognosis [18] .
Other authors also reported a morphological heterogeneity of the nuclei in correlation to functional parameters of the cells. For example, there are studies on the changes in the nuclear features in chemoresistent or chemosensitive tumours or changes during the cell culture [10, 13, 28] . Larsimont et al. [26] found by means of image analysis and a conventional biochemical assay for the oestrogen receptor a more dispersed chromatin and smaller nuclei in breast cancer with a higher receptor content than in the tumours with a low oestrogen receptor content or without oestrogen receptors.
In a methodological approach similar to that presented in this paper, Falkmer et al. [14, 15] was able to show differences in the DNA content of tumour cells with different expression of neuroendocrine markers.
The analysis without taking the p53 expression into consideration showed only significant differences in the nuclear image in correlation with the Bloom-Richardson grading (data not shown). One of the possible reasons for this is the small number of cases in this study. In spite of this fact the cases were selected by their p53 status and not by a random or a consecutive sampling as in the above mentioned studies. In some other studies especially the shape and the size of nuclei played a role in correlation with the lymph node status [2] . Aubele et al. [2] demonstrated the value of the shape and texture features for the prognosis in a group of more than 500 node negative breast cancer.
Theissig et al. [38] found differences in the chromatin structure between prognostic groups of breast cancers.
In conclusion, the results demonstrate the relationship between the nuclear morphology by the method of high resolution image analysis, and a functional state of cells: in this study the p53 expression. The study showed that the population of p53 negative or p53 positive nuclei alone does not influence the nuclear features in comparison with clinicopathological categories. The immunohistochemical detectable p53 protein plays a role in the progression of a malignant tumour, but this is not the only one. Especially in tumours with an unfavourable prognosis, the p53 status is not the only parameter that determines the nuclear morphology and the clinicopathological features.
